The molecular type of environmental Cryptococcus neoformans in Beijing was not clear. Our study aims to reveal the molecular characterization of C. neoformans complex from environment in Beijing, China. A total of 435 samples of pigeon droppings from 11 different homes in Beijing were collected from August to November in 2015. Pigeon droppings were inoculated onto caffeic acid cornmeal agar (CACA) to screen C. neoformans complex. Bruker Biotyper matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) was performed for species identification. Serotype and mating type was determined by specific primers. Restriction fragment length polymorphisms of URA5 (URA5-RFLP) were applied to genotype. Multi-locus sequence typing (MLST) was done for further identification and sequence type (ST) determination. Altogether, 81 isolates of C. neoformans AFLP1/VNI were recognized from 435 pigeon droppings in this study. The positive rate for C. neoformans AFLP1/VNI from pigeon droppings in different homes varied from 5.0% to 52.6%, the average was 20.2%. All of these cryptococcal strains were serotype A, MATα. They were genotyped as VNI by URA5-RFLP and were confirmed by MLST. No other molecular types of C. neoformans and Cryptococcus gattii isolates were isolated. Their STs were identified as ST 31 (n = 54, 66.7%), followed by ST 53 (n = 10), ST 191 (n = 8), ST 5 (n = 5), ST 57 (n = 3), and ST 38 (n = 1). We concluded that not only clinical but also environmental isolates of C. neoformans need to be investigated more deeply and more extensively. The virulence difference between ST 5 and ST 31 need to be explored in the future.
Introduction
Cryptococcosis is an invasive fungal infection with a worldwide distribution and is mostly induced by members of the Cryptococcus neoformans/Cryptococcus gattii species complexes. [1] [2] [3] The genus Cryptococcus has been taxonomically revised and contains 10 species, the other more than 90 species have been transferred to other (novel) genera. 4 A recent proposal to revise the nomenclature of the C. neoformans species complex proposes C. neoformans var. grubii AFLP1/VNI to be renamed C. neoformans. 5 Annually, approximately 960,000 cases of cryptococcal meningitis in patients infected with human immunodeficiency virus (HIV) occur. It was estimated that 60% of them die within 3 months after infection. 6 In the vast majority of cases, cryptococcosis is acquired by inhaling the infectious propagules. 1, 3 Clinical and environmental isolates of C. neoformans are closely related. 7 Many studies had proven that pigeon droppings are the main natural reservoir for C. neoformans. 3, [7] [8] [9] [10] [11] Besides C. neoformans, other yeast-like fungi such as C. laurentii (named as Papiliotrema laurentii comb. nov. now 4 
), C. uniguttulatus, Rhodotorula glutinis, R. mucilaginosa, Stephanoascus ciferrii, Candida species, or
Trichosporon species could exist in pigeon droppings. 11, 12 For environmental studies, pigeon droppings were often inoculated onto niger seed agar (NSA) 13 or caffeic acid cornmeal agar (CACA) 14 to screen for the presence of pathogenic cryptococci. Matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF MS) has been used in the clinical laboratory for conventional identification of moulds and yeasts including the C. neoformans/C. gattii species complex and can rapidly provide accurate identification results. [15] [16] [17] [18] Several molecular techniques have been applied to genotype the C. neoformans/C. gattii species complex, including M13 polymerase chain reaction (PCR) fingerprinting, 19 pulsed-field gel electrophoresis (PFGE), 20 amplified fragment length polymorphism (AFLP), 21 multilocus microsatellite typing (MLMT), 22 repetitive-sequence-based PCR, 23 restriction fragment length polymorphism of the URA5 gene (URA5-RFLP), 24 and multilocus sequence typing (MLST). 25 Among these methods, MLST has been regarded as a standard method for genotyping of C. neoformans/C. gattii species complex by the International Society for Human and Animal Mycology (ISHAM). 25 Genotypes of C. neoformans/C. gattii species complex include AFLP1/VNI, AFLP1A/VNB/VNII, AFLP1B/VNII, AFLP3/VNIII, AFLP2/VNIV, AFLP4/VGI, AFLP6/VGII, AFLP5 /VGIII, AFLP7/VGIV, AFLP10/VGIV/VGIIIc, AFLP8, AFLP9, and AFLP11. 5 Based on the ISHAM consensus MLST database, sequence types (ST) of C. neoformans/C. gattii species complex from clinical or environmental sources were gradually revealed in recent years. 10, 23, [26] [27] [28] In a previous study, genotypes and ST distribution of 83 clinical isolates of C. neoformans/C. gattii species complex were investigated. 23 Little is known about the molecular characterization of the environmental isolates of C. neoformans species complex in Beijing, China. In this study, we aimed to reveal the serotype, mating type, genotype, and ST distribution of C. neoformans AFLP1/VNI from the environment. In total, 435 samples of pigeon droppings were collected from 11 different homes in Beijing, China. A total of 81 isolates of C. neoformans AFLP1/VNI were obtained and subsequently molecular characterized.
Methods

Screening environmental cryptococcal isolates
In total, 435 samples of pigeon droppings were collected from 11 different families raising pigeons in Beijing (August to November in 2015). These environmental sites were chosen for the isolation of Cryptococcus neoformans species complex and were the only available sites. Pigeon droppings were collected in the sterile bottles and processed as described by Chowdhary and coworkers. 29 Pigeon droppings were diluted with 0.9% sterile physiological saline; 10 μl of supernatant was inoculated onto CACA and incubated at 35
The brown colonies on CACA were subcultured onto Sabouraud Dextrose Agar (SDA, Becton Dickinson, Sparks, MD, USA). The brown colonies suspected to be Cryptococcus species were then subjected to MALDI-TOF identification.
Reference cryptococcal strains
Reference strains of C. neoformans/C. gattii species complex were as follows: WM 148 (αA, AFLP1/VNI), WM 626 (αA, AFLP1B/VNII), WM 628 (αA/aD, AFLP3/VNIII), WM 629 (αD, AFLP2/VNIV), WM 179 (αB, AFLP4/VGI), WM 178 (αB, AFLP6/VGII), WM 161 (αB, AFLP5 /VGIII), WM 779 (αC, AFLP7/VGIV), JEC 20 (aD, AFLP2/VNIV), and JEC 21 (αD, AFLP2/VNIV).
Species identification by MALDI-TOF MS
Bruker Biotyper MALDI-TOF MS (Bruker, Daltonik, Bremen, Germany) was used to identify the suspected colonies. According to the manufacture's recommendations and as Buchan et al. described, 16 identification by plate-grown isolates (on-plate protein extraction method) was applied. One single colony was smeared directly on the MALDI-TOF MS analysis plate and overlaid with formic acid. After 3 to 5 min, matrix was added when the colonies became dry. Then the plate was put into the MALDI-TOF MS for species identification.
DNA extraction
Genomic DNA was obtained by extraction kit for fungus genomic DNA (Sangon Biotech Co., Ltd, Shanghai, China). Briefly, the fresh cryptococcal colonies were scraped from the SDA by using 10 μl disposable inoculation loops and were put into 1.5 ml eppendorf tubes containing 400 μl Digestion Buffer and 4 μl β-mercaptoethanol. The tubes were incubated at 65
• C for 1 h, mixed every 10 min. Twenty microliters of RNase A was added to remove RNA, and 200 μl Buffer PF was added to prompt the extraction of genomic DNA. Chloroform was used to break down proteins. Same volume of isopropanol was used to precipitate genomic DNA, and 1 ml 75% ethanol was used to purify extracted genomic DNA.
Determination of serotype and mating type by PCR
Mating-type and serotypes were determined as described before. 30 The primer pairs JOHE2596/JOHE3241
and JOHE2596/JOHE3240 specific for serotype A and serotype D were used to determine their serotype by PCR. 30 The primer pairs JOHE7270/JOHE7272
and JOHE7264/JOHE7265 that are specific for MATa (serotype A) and MATα (serotype A), respectively, were used to determine their mating type. 
URA5-RFLP analysis
Primers pairs URA5 and SJ01 24 were used to partly amplify the URA5 gene, and 10 μl of the PCR product was double digested with the restriction enzymes HhaI and Sau96I (New England BioLabs, Ipswich, MA, USA) at 37 • C overnight. PCR fragments were subjected to electrophoresis by 3% agarose gel at 110 V for about 3.5 h. The genotype was determined by comparing their URA5-RFLP patterns to those of the cryptococcal reference strains.
MLST analysis
According to the ISHAM consensus MLST scheme for Cryptococcus, seven unlinked loci, including six housekeeping genes (CAP59, GPD1, LAC1, PLB1, SOD1, and URA5) and the noncoding region IGS1 were amplified and sequenced bidirectionally for all isolates. Allele type (AT) numbers and sequence type (ST) numbers were obtained from the database for C. neoformans/C. gattii species complex (http://mlst.mycologylab.com). 25 All sequences were submitted to the National Center for Biotechnology Information (NCBI) database to acquire GenBank accession numbers.
AT numbers of seven MLST loci and STs distribution for the 25 clinical isolates of C. neoformans AFLP1/VNI from Beijing in a previous study are shown in Tables 1 and  2 . They were compared to the environmental isolates in this study.
Phylogenetic analysis
By using MEGA v6.06 (http://megasoftware.net), the concatenated sequences of seven MLST loci from environmental and clinical isolates along with those of reference cryptococcal strains were aligned. A phylogenetic tree was then constructed using the Maximum Likelihood method based on the Kimura 2-parameter model with 1,000 replications.
Results
Screening for cryptococcal isolates by CACA
After being incubated at 35
• C for 5 d, the brown colonies on CACA were highly suspected to belong to the C. neoformans species complex (Fig. 1 ). They were selected and subcultured on SDA for species identification and DNA extraction. 
Identification
In total, 81 isolates of C. neoformans AFLP1/VNI were obtained from 435 samples of pigeon droppings. The positive rate for C. neoformans AFLP1/VNI from pigeon droppings in different homes varied from 5.0% to 52.6%, and the average was 20.2% (Table 3 ). All 81 isolates were C. neoformans serotype A, matingtype alpha, and genotype AFLP1/VNI.
All 81 environmental C. neoformans were further confirmed as C. neoformans AFLP1/VNI by MLST analysis. A sequence number was assigned to each isolate. Their STs were identified as ST 31 (n = 54, 66.7%), followed by ST 53 (n = 10), ST 191 (n = 8), ST 5 (n = 5), ST 57 (n = 3), and ST 38 (n = 1) ( Table 3) . ST 31 was the most frequent ST and found in all the 11 homes. ST 5 occupied only 27.3% of the homes (3/11) and merely accounted for 6.2% in the number (5/81). AT numbers for seven MLST loci and MLST ST numbers for 81 environmental isolates of Cryptococcus neoformans are shown in Table 4 . GenBank accession numbers for seven MLST loci of 81 isolates were KX721651 -KX722217 (Table S1) . Tables 1, 2 , and 4 showed that MLST ST distribution profiles between clinical and environmental isolates of C. neoformans AFLP1/VNI in Beijing were different. ST 5 (n = 22), ST 31 (n = 1), and ST 63 (n = 1) were recognized among the clinical isolates.
AT numbers of CAP59, SOD1, and URA5 were absolutely the same for clinical isolates and environmental ones of C. neoformans AFLP1/VNI in Beijing (Table 2, 4). AT numbers of the other four MLST loci including GPD1, IGS1, LAC1, and PLB1 among different STs no matter clinical or environmental isolates were different (Tables 2, 4 ; Fig. 2 ).
Phylogenetic tree analysis
The phylogenetic tree constructed by the maximum likelihood method showed that the isolates of C. neoformans AFLP1/VNI from clinical and environmental sources all clustered with WM148, the reference strain of C. neoformans AFLP1/VNI but not with the other reference strains. The distances between WM148 and our cryptococcal strains of various STs were different (Fig. 3) .
Discussion
Until now, the MLST ST profiles of the environmental isolates of C. neoformans AFLP1/VNI in Beijing had not been revealed except the previous work. 28 Although a few environmental isolates of C. neoformans/C. gattii species complex in China had been studied, their genotypes had not been investigated. 12, 14 In this study, 435 pigeon excreta were collected from different localities in Beijing from August to November 2015. In total, 81 isolates of C. neoformans AFLP1/VNI were isolated and were analyzed subsequently. The current project aims at exploring the relationship between environmental isolates that people in Beijing are commonly exposed to and the isolates that have resulted in human disease in Beijing. We had genotyped 83 clinical isolates of C. neoformans/C. gattii species complex previously. Among 79 isolates of C. neoformans AFLP1/VNI, ST 5 was the most common sequence type (n = 76, 96.2%), only one isolate belonged to ST 31. 23 Wu S. Y. et al. 27 analyzed 116
clinical isolates of C. neoformans/C. gattii species complex in China, in which 114 were genotyped as C. neoformans AFLP1/VNI, and their sequence types were ST 5 (n = 107, 94%), ST 31 (n = 3), ST 359 (n = 2), ST 63 (n = 1), and ST 360 (n = 1), respectively. Their data also demonstrated that ST 5 was the most prevalent sequence type as the cause of human cryptococcosis in China. those with PU-Cn-E were from environmental ones in this study, and the others were reference strains of Cryptococcus gattii/C. neoformans species complex.
In other Asian countries, such as Korea, Japan, and Thailand, ST 5 was likewise found to be the most common sequence type for clinical isolates of C. neoformans AFLP1/VNI. [31] [32] [33] [34] However, that for environmental ones in these countries was still obscure. Most environmental isolates of C. neoformans AFLP1/VNI are not lethal for mice. 35 Because the MLST sequence type was not presented in this study, we could not judge what ST these isolates belonged to. We should seek strategies to deal with the most virulent isolate for the prevention and treatment of cryptococcosis. In Beijing, ST 5 (n = 22) was also the most common sequence type of C. neoformans AFLP1/VNI from 25 clinical sources; ST 31 and ST 63 accounted for one each (Table 1) . We thought ST 5 was also the most common MLST ST for our environmental isolates of C. neoformans AFLP1/VNI before we did MLST analysis in this study. But, to our surprise, only five of them belong to ST 5 (6.2%), while ST 31 accounted for 66.7% (54/81, Table 3), the most frequent sequence type for environmental isolates. (Fig. 3) .
The most important finding in this study is the disparity in prevalence between sequence types of clinical and environmental isolates of C. neoformans AFLP1/VNI. The discrepancy between clinical isolates and those cultured from pigeon droppings from Cuba had been seen before by microsatellite typing. 36 It remains enigmatic what the environmental source of cryptococcal infection is. There are three major possibilities regarding this outcome that depend on the host-pathogen-environment interaction. Either the chance of contracting disease is equal among all the sequence types of VNI, and there is therefore differential exposure to the environmental habitat of the different sequence types. (This hypothesis would require a differential environmental distribution of the different sequence types.) The second alternative is that the chance of contracting disease varies between sequence types. There is good evidence to support variation in virulence of different VNI isolates. The differential in virulence between the most prevalent environmental sequence type and the most prevalent clinical sequence type. The third alternative is that there is a combination of host factors that result in a differential prevalence in disease caused by sequence types. Investigation of fine detail host epidemiology against environmental factors would be useful to follow this up. Is ST 5 more virulent than ST 31 and therefore selected by the host to achieve high prevalence in disease despite being at low prevalence in the environment? Virulence difference studies between ST 5 and ST 31 deserved to be explored in the future. These are very important questions because they play to the host pathogen environment interactions and the relative importance of these groups of factors in the outcome of disease. Further investigation would be to examine the prevalence of sequence types of VNI that cause in disease in animals in Beijing. If there is a similar differential between animal isolates and environmental isolates, as there is between human isolates and environmental isolates, then it would seem likely that the reason for that difference lies in the virulence of the sequence types.
Limitation of our study is that more pigeon droppings from more districts should be collected to isolate and genotype Cryptococcus neoformans. In addition, the brown colonies suspected to be Cryptococcus neoformans with different shades and size on CACA agar should be analyzed, respectively.
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